A substantial number of patients with early-stage colorectal cancer relapse from metastatic disease. Identification of these patients by genetic profiling of their primary tumours may allow more informed followup and tailored administration of adjuvant therapy. Primary tumours from 70 patients with early-stage and largely microsatellite-stable colorectal cancer were profiled using metaphase-based comparative genomic hybridization (CGH) and the aberrations confirmed independently in a subset of patients using microarraybased CGH. Of the 70 cancers, 61 were amenable to CGH, and follow-up data was available from 56 patients. Genomic aberrations were correlated with patients' survival using univariate, multivariate and Kaplan-Meier survival curves. Metastatic primary tumours exhibited more complex genomic aberrations than non-metastatic primary tumours. Loss of chromosome 4p was an independent prognostic factor in early-stage colorectal cancer using multivariate analysis (Hazard ratio, 9.6; 95% CI, 3.3-28; P ¼ 0.0001). Loss of both chromosome arms 8p and 18q had a statistically significant negative effect on disease-free survival. Moreover, primary tumours with loss of both chromosomes 4 and 14q bestowed poorer prognosis than tumours with loss of any one of the two chromosomes (Po0.0001). Genetic profiling of primary tumours of patients with early-stage colorectal cancer is of significant value in identifying the subset of patients who may relapse with metastatic disease. Accordingly, the molecular genetic features of primary tumours should be considered in the mainstream management of patients with this specific stage of the disease.
It is estimated that one million cases of colorectal cancer are diagnosed worldwide each year, and half of them die from clinical complications and metastasis. 1 The staging systems that associate the clinical-pathological behaviour of colorectal tumours with prognosis are the Astler-Coller modification of Dukes' or TNM classification. In these systems, stage A or I tumours are confined to the mucosa. Stage B or II, where the muscularis propria has been breached, is divided into B1 and B2 depending on whether or not the bowel wall has been breached. Stage C or III is spread to the lymph nodes with subdivision into C1 and C2 depending on whether or not the bowel wall has been breached or whether the apical lymph node is involved (C2). Stage D or IV is spread of the tumour to distant organs. 2 This classification remains the most important parameter to direct clinical intervention. Accordingly, Patients presenting with Dukes' stages C and D (advanced disease) receive surgical and adjuvant therapy, whereas patients presenting with Dukes' A and B tumours (early stages without evident metastases) receive surgical therapy alone. Patients presenting with Dukes' stages A or B have better prognosis, but a significant proportion (10-40%) of these patients relapse with metastatic disease and die from it. There have been several attempts to identify this subset of patients both at histopathological and more often at molecular levels. At the genomic level, few studies have focused on early-stage colorectal cancer [3] [4] [5] [6] and of those studies that focused on early-stage colorectal cancer, the analysis was limited to few chromosomes. 7, 8 Therefore, there is currently a need to profile primary tumours from early-stage colorectal cancer using genome-wide scanning techniques that can also be integrated into current laboratory practices. We describe here the first attempt to study early-stage colorectal cancer at the genomic level using genomewide scanning DNA methodologies and address the role of chromosomal aberrations in prognosis.
Materials and methods

Patients
A total of 70 patients with early forms of sporadic colorectal cancers were examined in this study (49 from Glasgow and 21 from Kuwait). The two groups compared comprised of 27 patients with early-stage colorectal cancer who had no evidence of metastatic disease at the time of surgery, but subsequently relapsed with metastasis; and 43 age-and stagematched patients who remained disease-free postoperatively. All patients received no treatment other than surgery except for 16 Dukes' B2 stage patients from Kuwait who were treated surgically and with six cycles of standard chemotherapy and were followed up prospectively. Patients were followed up at regular intervals for a minimum period of 2 years (range: 2-9 years) with a median of 5.5 years of follow-up for survivors, and 84% of survivors followed up for more than 3.5 years. Patients were clinically assessed for symptoms and signs of recurrence. Metastatic recurrences were confirmed radiologically and/or histologically or at post mortem. For assessing disease-free survival, patients who died of causes unrelated to cancer but had no evidence of metastatic recurrence at the time of death were censored (seven patients). Five patients were lost to follow-up and 10 patients had no recurrence time recorded but died from metastatic disease. For these patients, the date of death was used to calculate the disease-free survival.
Tumour Specifications and DNA Extraction
Haematoxylin-eosin sections were examined by two pathologists and scored for various histopathological parameters. Tumour staging was assessed using Dukes', Astler-Coller and AJCC systems. In the latter system, pT1 are tumours confined to the mucosa with submucosal invasion (two cases). pT2 are tumours that reached the muscularis propria or within it (26 cases), pT3 are tumours that breached the muscularis propria (33 cases) and pT4 (5 cases) are tumours that breached the peritoneal surface/ serosa (pT4a) or invaded adjacent organs (pT4b). In all our cases there was no evidence of lymph node or distance metastasis at the time of surgery.
Tumours constituted no less than 50-90% of the used section.
DNA from Formalin-fixed paraffin-embedded tissue was extracted using Purgene kit (Gentra Systems, USA) according to manufacturer's protocol.
MSI Analysis
Microsatellite stability was assessed in all 70 patients using 13 dinucleotide markers (D4S2935,  D4S2986, D4S1579, D4S1586, D4S1595, D4S2920,  D14S283, D14S275, D14S49, D14S63, D14S267,  D14S65 and D14S250) . DNA for analysis of microsatellite stability was extracted separately from microdissected tissues as described previously. 9 Comparative Genomic Hybridization A measure of 2 mg of DNA was labeled using biotin nick translation reagent (Roche, GmbH) according to manufacturer's instructions.
Metaphase CGH
The test-and reference-labelled DNAs were mixed in equal concentrations (approx. 2.0 mg) and precipitated with 100 mg human Cot-1 DNA (Invitrogen, CA, USA). The CGH probe was pelleted by centrifugation and washed with 70% alcohol and vacuum dried then was dissolved in 16 ml CGH hybridization buffer (50% dextran sulfate in 2 Â SSC containing 50% formamide) and denatured at 751C for 10 min and reannealed at 371C for 1 h. CGH metaphase slides were obtained from Vysis Inc (USA), and incubated in denaturation solution (70% deionized formamide in 2 Â SSC) at 731C for 3 min. The slides were then dehydrated and left to dry at 371C for 10 min. After applying the probe, slides were incubated at 371C in a humid environment for 72 h. The slides were finally washed with 70% formamide in 2 Â SSC buffers and stained with fluorescent antibodies and DAPI as described previously. 10 Images were captured by CCD camera (JVL, Japan) and then analysed by ISIS s software (Metasystems, GmbH). Typically, 10-20 metaphases were captured using the appropriate filters. The images were digitally stored and the green to red and vice versa ratios were calculated. Amplifications were scored if the median green to red ratio was above or equal to the 1.25 threshold and deletions were below or equal to the 0.75 threshold. Also, in all experiments, separate normal vs normal DNA hybridisation controls were included. The genetic aberration was scored if the probability representing 99% confidence intervals of the tumour vs normal profiles were outwith the 99% confidence interval of the normal vs normal control profiles.
Microarray CGH
Two human genomic microarrays were chosen for this study. First-generation microarray (Human BAC Array-3 Mb system, Spectral Genomics Inc.) comprising 1003 non-overlapping BAC/PAC clones with an average 3 Mb resolution (Human BAC Array 2-4 Mb system, Spectral Genomics Inc.). The microarrays included subtelomeric as well as the most common microdeletion syndrome regions.
After phenol/chloroform DNA extraction, patients' genomic DNA (test DNA) and normal reference genomic DNA were digested with EcoR1 for 18 h at 371C and re-purified by Zymo Research's Clean and Concentratort (Orange, CA, USA). The reference and test DNAs were labelled with Cy3 and Cy5 by BioPrime random labelling kit (Invitrogen). The Cy3-labelled reference DNA and Cy5-labelled test DNA samples were combined with 55 mg of human Cot-1 DNA and 35 mg of sheared salmon sperm DNA. This mix was precipitated and rinsed in 70% ethanol. The pellets were dissolved in 10 ml of distilled water and mixed with 40 ml of hybridization solution (50% formamide, 10% dextran sulphate in 2 Â SSC). The labelled DNAs were denatured at 721C for 10 min followed by incubation at 371C for 30 min to block repetitive sequences. Oppositely labelled DNA mixes were added onto duplicate microarray slides, hybridized, scanned and analysed according to the manufacturer's instructions (Spectral Genomics). In brief, the slides were scanned using GenePix 4000B scanner (Axon Ins. Inc., Union City, CA, USA). Cy3 and Cy5 images were scanned independently through two separate channels. Two 16-bit TIFF images were created per array. The data obtained were analysed using the Spectralware 1.0 software (Spectral Genomics). The software recognizes the regions of fluorescent signal, determines signal intensity, and compiles the data into a spreadsheet that links the fluorescent signal of every clone on the array to the clone name, its duplicate position on the array and its position in the genome. The normalized Cy5:Cy3 intensity ratios were computed for each of the two slides and plotted together for each chromosome. Arbitrarily, a ratio plot was assigned such that gains in DNA copy number at a particular locus are observed as the simultaneous deviation of the ratio plots from a modal value of 1.0, with the blue ratio plot showing a positive deviation (to the right) while the red ratio plot shows a negative deviation at the same locus (to the left). Conversely, DNA copy number losses show the opposite pattern.
Apoptosis Assay
The Roche in situ cell death detection kit was used to detect apoptotic cells according to the manufacturer's protocol (Roche, Germany).
Statistical Analysis
The primary outcome was disease-free survival. Disease-free survival was defined as the time from study entry to first confirmed metastatic relapse. Univariate and multivariate Cox's proportional hazards models were used to analyse the effect of clinical characteristics on the survival of patients. Two-sided w 2 -test or Fisher's exact tests were used for significance testing of contingency tables containing categorical variables. Mann-Whitney U test was used to compare means of pairs of independent samples from continuous variables and Kruskal-Wallis test was used to compare means of more than two independent samples from continuous variables. Follow-up-to-event outcomes were analysed by Kaplan-Meier survival curves and compared using Log-rank tests. All reported P-values are two-sided. Data were analysed using the SPSS v11.0 software package.
Results
Clinicopathological Correlations
There was no significant association between sex, age and left or right tumour location with respect to metastatic recurrence. Similarly, tumour differentiation, mitotic and apoptotic counts, lymphatic and vascular invasion, and the depth of invasion did not significantly correlate with metastatic relapse (Table 1) .
Univariate analysis of the clinicopathological variables and disease-free survival showed that rectal location was significantly associated with shorter disease-free survival (Hazard ratio, 2.3; 95% CI, 1.064-4.983; P ¼ 0.034), while Dukes' stage A and extracellular mucin pooling were associated significantly with longer disease-free survival (Hazard ratio, 0.3; 95% CI, 0.118-0.9; P ¼ 0.031 and 0.213; 95% CI, 0.05-0.9; P ¼ 0.036, respectively). All the remaining variables (age, sex, tumour site (left vs right), differentiation, nuclear grade, apoptosis and mitosis indexes, lymphatic and vascular invasion and depth of invasion showed no significant correlation with survival. Multivariate analysis of all clinicopathological variables demonstrated that only rectal location (Hazard ratio, 4.6; 95% CI, 1.7-12.4; P ¼ 0.003) and T-stage 3/4 (Hazard ratio, 4.5; 95% CI, 1.6-12.8; P ¼ 0.005) could predict survival independently. These results confirm the limited usefulness of current clinicopathological parameters in identifying patients at risk from metastatic relapse in early-stage CRC.
Microsatellite Analysis of the Primary Tumours
Amplification of 13 dinucleotide repeats was used to study the microsatellite status of the tumours. MSI in Z30% of the analysed loci were classified as high microsatellite instability (one patient who was excluded from the survival analysis), allelic instability in one or two of the 13 microsatellites or less than 30% of the loci analysed were considered as low microsatellite instability (13 patients). Samples with no MSI were classified as stable (50 patients). In six patients, microsatellite stability could not be assessed owing to the failure of amplifying the DNA from normal or tumour tissues.
Metaphase-CGH Analysis of the Primary Tumours
To seek genomic markers capable of predicting metastatic behaviour in this cohort of largely microsatellite-stable early-staged CRC, we subjected the primary cancers to CGH. Interrogating the genome by metaphase-CGH was informative in 61 primary tumours. In nine cases, the CGH was of poor quality and not amenable to further analysis. The mean number of genetic alterations per sample was 12.875.98 (range, 1-23) in disease-free patients and 18.577.6 (range, 3-33) in patients who had metastatic relapse (t-test Po0.003).
Particular non-random chromosomal aberrations were frequent in early-staged CRC, including increase in copy number of chromosome arms 1q, 7, 8q, 13q, 17q and 20q and loss of chromosomes 1p, 4, 5q, 8p, 9p, 14q, 15q, 17p and 18 ( Figure 1 ). The commonest aberrations were increase in copy number of chromosomes 7 and 20q. Chromosomal deletions were most frequently observed on chromosomes 18 and 4 ( Table 2) .
Chromosomal aberrations signified by gain of chromosome arm 1q and loss of chromosomal arms 1p, 4, 5q, 8p, 9p and 14q exhibited statistically significant association with metastatic recurrence (Table 2) .
Univariate analysis of chromosomal aberrations showed that patients with gain of chromosomal arm 1q and loss of chromosomal arms 1p, 4p, 4q, 5q, 8p, 9p and 14q had significantly shorter disease-free survival than those without them. This association was maintained after adjustment for adjuvant therapy (Table 3) .
Multivariate analysis of the overall chromosomal aberrations as covariates in the multiple regression model showed the deletion of chromosome arms 4p and 5q to be independent prognostic factors (Hazard ratio, 3.9; 95% CI, 1.7-8.8; P ¼ 0.001 and Hazard ratio, 2.9; 95% CI, 1.3-6.55; P ¼ 0.008, respectively). In addition, deletion of chromosome arm 4p was the most significant and independent prognostic factor when all variables were included in the multivariate regression equation (Hazard ratio, 9.6; 95% CI, 3.3-28; P ¼ 0.0001). Kaplan-Meier survival curves illustrated the association between reduced disease-free survival and chromosome 4 deletions (Figure 2a) . The relationship between reduced disease-free survival and deletion of chromosome 4 was maintained after adjustments for Dukes' stage (limiting the data to Dukes' stage B1; Figure 2b ), tumour site (limiting data to colon cancer; Figure 2c ) or country of origin (Glasgow patients only; data not shown). The associations between chromosomal aberrations and various clinicopathological parameters are shown in Table 4 . Cancers with deleted chromosome arm 9p had significantly higher mitotic index than those with normal copy number of the chromosome arm. Also, tumours with loss of chromosome 4 had a significantly lower apoptotic index than those retaining it (Table 4) .
We then investigated the additive effects of several aberrations on disease-free survival. Patients who lost both chromosome arms 8p and 18q demonstrated significantly shorter disease-free survival (mean, 3.18 years; 95% CI, 2.04-4.31) than those with normal copies or those that lost either chromosomal arm combined (mean, 6.07 years; 95% CI, 4.94-7.2; P ¼ 0.015). Also, patients who lost both chromosomes 4 and 14q had a mean disease-free survival of 1.85 years (95% CI, 0.93-2.77) compared 
to those who lost either one of the chromosomes (mean, 4.58 years; 95% CI, 3.51-5.65) or patients who maintained normal chromosomal copy number (mean, 6.93 years; 95% CI, 5.63-8.23). The above finding was independent of Dukes' stage or tumour location (Figure 3 ).
Microarray-CGH Analysis
DNA from 10 patients, known to have specific aberrations by metaphase CGH, were subjected to microarray-CGH comprising 1003 non-overlapping BAC/PAC clones with an average 3 Mb resolution. This step was necessary for two reasons; first, microarray-CGH offers an independent method to confirm the results obtained by metaphase CGH. Second, it is a method that is not prone to operator bias in addition to having a higher resolution than classical CGH. Figure 4 shows the relative copy numbers of chromosomes 4, 8, 14 and 18 compared to a normal reference of the BACs. In all patients who relapsed with metastasis, loss of 4p copy numbers was pronounced within the subregion Genetic profiling of early colorectal cancer F Al-Mulla et al covered by BAC clones RP11-47C1 to RP11-17I9. Loss of 8p copy numbers was localized to subregions covered by BAC clones RP11-91J19 to RP11-51C1 at 8p23-8p21 and BAC clones RP11-57I3 to RP11-90P5 at 8p12-8p11.2, while amplifications were localized to 8q24 region. Loss of chromosome 18 copy numbers was more extensive and covered the subregions bounded by BAC clones CTB-74G18 to RP11-90L15. Loss of chromosome 14 copy numbers was localized to subregion covered by overlapping BAC clones RP11-81F9 to RP11-79M1 that map to 14q 11.2-14q23 and another subregion covered by overlapping clones RP11-90H21 to CTC-200D12, which has been localized to 14q32-14q32.33. These findings were consistent with the metaphase-CGH data ( Figure 4 ).
Discussion
This paper demonstrated a relationship between loss of chromosomes 1p, 4, 5q, 8p, 9p, 14q, 18p
and gain of chromosomes 1q, 8q and 13q and metastatic recurrence of early-staged CRC after surgical intervention. Overall, the chromosomal aberrations described here are consistent with chromosomal changes previously reported for colorectal cancer. [10] [11] [12] [13] Although the number of genomic aberrations may potentially substitute for chromosomal instability, it was paramount to establish the MSI status of the tumours because it could have had a profound impact on the analysis of disease-free survival. It is well established that cancers with high microsatellite instability have better survival than microsatellite stable tumours. Most of cancers analysed in this study were microsatellite stable. This excludes microsatellite instability as a significant source of bias in survival data estimation. Dukes' stage (A vs B1 vs B2), tumour site (colon vs rectum) and adjuvant therapy are other confounding factors that could potentially affect the analysis of disease-free survival in this cohort. However, we ensured appropriate data stratification to minimize their effects to the best of our abilities. For example, disease-free survival calculations were limited to Dukes' B1 patients who received no therapy other than surgery and so forth. The association between loss of chromosome arm 1p and poor survival has been reported by several investigators using different DNA interrogation techniques ranging from allelic imbalance to genome-wide CGH scanning. 4, [14] [15] [16] The region of loss we mapped, namely 1p21-31.1 is the same area mapped previously. 4 Chromosome 4 loss is a common aberration in advanced colorectal cancers and metastases. In our study, the minimal deleted areas map to 4p14-16, 4q24-28 and 4q32-35 consistent with previously published data. 3, 4, 17 The reason for such an association remains to be discovered. However, we and De Angelis et al 13 found an inverse relationship between chromosome 4 loss and reduced apoptosis. Loss of chromosome 5q is common event in adenomas and colorectal cancer. The association of Loss of 5q13.3-23.3 with shorter disease-free survival, to the best of our knowledge, has not been reported before in early-stage colorectal cancer. The study of Choi et al examined loss of 5q in colorectal cancer using five microsatellite markers and found no association between 5q loss and overall survival. However, 5q loss was associated with higher TNM tumour stages in their patients. 6 We believe that this discrepancy could have stemmed from the fact that our study focused on early-stage colorectal cancer and benefited from stratifying the data for site (colon vs rectum), treatment and microsatellite stability status.
Loss of chromosome arm 8p is a frequent aberration in colorectal cancer. Consistent with our Genetic profiling of early colorectal cancer F Al-Mulla et al finding, numerous studies established an association between loss of chromosome arm 8p and reduced survival. 4, [18] [19] [20] Loss of chromosome arm 9p is not an infrequent event in colorectal cancer. 13, 21 We identified a significant association between 9p loss and high Bold represents values which are statistically significant.
Genetic profiling of early colorectal cancer F Al-Mulla et al mitotic index in early-stage colorectal cancer. This is consistent with the localization of cyclin-dependent kinase inhibitor 2A (p16 INK4A and p14 ARF) and cyclin-dependent kinase inhibitor 2B (p15) to chromosome arm 9p.
Loss of chromosome 14q has been reported in colorectal cancer. 22 More importantly it has been documented in advanced colorectal cancer stages as well as in metastases. 23 Our data indicated that metastatic primary tumours had higher number of genetic aberrations than nonmetastatic tumours. Accordingly, primary tumours that lost both chromosome arms 8p and 18q had worse prognosis than tumours with loss of any one of the chromosomes or those that retain them. This is consistent with recent digital SNP analysis. 8 Also, loss of both chromosomes 4 and 14q was associated with shorter disease-free survival probably indicates a selective advantage for tumours harbouring these losses. The precise molecular and cellular mechanisms behind such selection remain to be elucidated and await further refinement of these areas.
Our results showed, albeit modestly, that administering chemotherapy could be of benefit to patients with early-stage colorectal cancer who have lost chromosome 4 or chromosome arm 8p (Table 3) . Therefore, loss of these chromosomes is not only of prognostic value but may also be predictive in that the aberrations could indicate the extent of benefit from adjuvant therapies ( Figure 5 ).
Our study identified several independent genetic markers that could predict metastatic behaviour of early-stage CRC. This highly suggests that patients with tumours harbouring these aberrations had micrometastases at the time of surgery that were undetectable by current clinical and Genetic profiling of early colorectal cancer F Al-Mulla et al radiological methods, and eventually grew to form clinically detectable secondary tumours. The novel aspect of this study was to show that the identification of a metastatic signature by profiling primary tumours at the DNA level might be possible. This finding gains in significance given the high prevalence of CRC and the urgent demand for molecular markers that can predict metastasis especially in early-staged cancer. To that end, a larger prospective study addressing the influence of detecting these aberrations on prognosis and targeted therapy is now indicated. Genetic profiling of early colorectal cancer F Al-Mulla et al and Kuwait University Shared Facility Grant GM/0101. We thank Professor David Hole for the follow-up data from the Scottish patients. Our thanks go for Bincy Ancy Mathew for her help with CGH, and Dr Shirley George for performing the TUNEL assay.
